The unsteady flow field around an oscillating cascade of flat plates is investigated using a time-marching 
,_r,
The components of the dependent vector, Q, represent average values over a particular cell.
However, a method is needed to allow these fluxes to be accurately represented at cell faces. As discussed in reference 13, the method used in the present effort is based on the one-dimensional approximate 
where A (q ,, q R)is a constant matrix representative of local cell interface conditions and is constructed using so-called "Roe averaged" variables. 
Steady Inflow and Outflow Boundary Conditions
The far-field, steady boundary conditions are based on characteristic variables and assume a locally one dimensional flow at the boundary. A summary of their derivation is given below based on reference 20.
For the sake of deriving the boundary conditions, the Euler equations are written in their non-conservative form:
The matrices a and b are determine through an eigenvalue analysis. Multiplying by P i _and neglecting the derivatives in the rl direction gives:
Pi'aq+U_ei'e_A_e;'aq_=°(9)
where A _is a diagonal matrix containing the e igenvalues, K _; and P _and P; ' are the left and right eigenvectors, respectively. The characteristic vector is defined as:
P_is derived in reference 20 such that the elements of the characteristic vector become:
The corresponding eigenvalues are:
The implementation of the characteristic variable boundary conditions requires knowing if the boundary is an inflow or an outflow. Generally, this is done by computing the sign of _. to determine the directions of the characteristics. However, for cascades the direction of the flow and the characteristics at the boundaries are known. Let the subscript "a" denote approaching a boundary, "b" refers to on the boundary, and "!"means leaving the boundary. For a subsonic inflow, the characteristics approaching the boundary are set equal to the characteristics on the boundary using Eq. 11:
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Solving Eqs 13(a-d) and assuming that the metrics at the boundary are equal to the metrics at "a" and "1",
gives the following information for the flow variables at the inflow boundary:
With the non-conservative flow variables known, the conservative dependant variables (Eq. 3a) can be easily computed at the boundary.
The flow variables at the outflow boundary are found in a similar manner. The characteristics on the boundary are set equal to the characteristics leaving the boundary. In this case, the incoming characteristic is the upstream running pressure wave and therefore the pressure is set equal to the pressure at "1". For internal steady flows, this is usually specified by the user. The non-conservative flow variables become: For the cases considered in this paper, x = _, y = rl and t = x, so that the primitive form of the Euler equations can be written as:
For small-perturbations from the steady flow and neglecting higher order terms, a linear form of the // _ 1 1
Euler equations can be written as:
where U'are the perturbation variables given as, 6p 
The primitive flow variables can be found using the following relationships: Figure 3 shows the unsteady pressure distributions on the plate after the solutions have run twenty plate oscillation cycles. There is a significant difference between the "reflective" case and the "non-reflective" case using a uniform grid, as would be expected based on the contour plots in Figures 1 and 2 . Also, the solutions using the grid coarsening technique and "reflective" boundary conditions tend toward the "non-reflective" boundary conditions case using a uniform grid. It is expected that grid coarsening will only work if the grid spacing variation is smooth, as abrupt changes in the grid may cause internal reflections.
Effect of Boundary

Distance
From the Cascade
An investigation of the effect of inflow and outflow boundary distance from the cascade is done using both the "reflective" and "non-reflective" boundary conditions.
The Figure 5 ). Since the theory is exact for flat plates, the differences between the solutions are due to numerical error. It will be demonstrated later that the discrepancies are due to grid resolution. For now, the study on the effect of boundary distance using different inflow and outflow boundary conditions should still be valid.
Effect of Boundary Conditions With Grid Coarsening
The results shown in Figures 2 and 3 have already demonstrated the effects of grid coarsening using the "reflective" boundary conditions on a coarse grid. Based on these results, damping the pressure waves by coarsening the grid should render a solution insensitive to either the "reflective" or "non-reflective" boundary conditions. To verify this, another set of solutions are considered using a finer grid near the plates that smoothly coarsens to the inflow and outflow boundaries.
The same boundary distances of six chordlengths upstream and downstream are used.
The grid density is dx = dy= .02 chordlengths in the passage and coarsens to dx= .50 and dy= .02 chordlengths at the inflow and outflow boundaries.
The unsteady pressure distributions are plotted in Figure 6 for solutions using both the "reflective" and "non-reflective" boundary conditions, along with the exact solution from linear theory. The solutions are identical with each other and differ from the theory by the same amount found in Figure 5 using the "non-reflective" boundary conditions. Therefore, a solution has been found that is not being influenced by reflections from the inflow and outflow boundaries.
Effect of Time Step (CFL Number)
All of the previous solutions were obtained using a maximum CFL number of unity. 
Effects of GHd Density
Based on the studies presented above, it appears that a clustered grid with a small CFL number is needed to resolve the unsteady pressure waves. However, running a maximum CFL number of unity on a highly clustered grid would require extremely large amounts propagate. Increasing the oscillation frequency is an easy way to systematically add modes to the flow field for studying multi-mode, pressure wave propagation.
The higher frequencies and higher modes introduce shorter wavelengths and requires freer grid resolution.
Based on the results in Figure 9 , resolving the higher modes will require a finer grid since the 121 x 41 grid was just fine enough to resolve the single-mode wavelengths. Figure 11 shows the predictions for three reduced frequencies and two grid sizes (121 x 41 and 324 x 81). As expected, the higher oscillation frequencies require finer grid resolution.
In fact, the 324 x 81 grid is still not fine enough to resolve the waves near the forward portion of the plate when k = 8. This demonstrates how difficult it can be to model unsteady flow fields that require accurate solutions for the higher harmonics.
Conclusions
An investigation of the unsteady flow field around an x/c Effects of time step on the unsteady pressure distributions using a clustered grid.
